Spectrum sharing and energy harvesting (EH) are promising techniques to enhance the spectrum and energy efficiency of wireless networks. In this paper, we propose a spectrum sharing scheme based on the cooperative energy and data transfer in both the time and space domains. When the primary base station (PB) transfers energy to the primary user (PU), the secondary user (SU) can transmit its own data simultaneously, and the interference of secondary data transmission becomes beneficial to improve the EH efficiency of the PU. Furthermore, the SU can assist the primary data relaying using the Alamouti coding technique to improve the link robustness through introducing the space diversity. With the energy and data cooperation from the SU, the primary data can be more quickly and reliably delivered, and hence more opportunities can be achieved for the spectrum sharing. Considering the dependence of the energy and data transfer, the throughput of both systems is investigated. The time allocation between EH and data transmission can be numerically determined by maximizing the throughput of secondary system under the throughput constraint of primary system. Performance results are presented to validate our theoretical analysis and provide some guidelines for the network configuration.
as the power sensitivity, which can be used for the EH in the wireless sensor network.
Related work
Spectrum sharing has been intensively studied to deal with the increasing requirements of wireless data transmissions over the limited but under-utilized bandwidth. In this context, the unlicensed users also known as the secondary users (SUs) are allowed to access the licensed spectrum of the high-priority primary users (PUs), but under the constraint that the transmission requirements of PUs should be strictly protected.
To improve the spectrum efficiency, many spectrum sharing schemes have been proposed [8] [9] [10] [11] [12] . In the space domain, the SU can use a fraction of its power to relay the primary data, while the remaining power is used for its own data transmission [8] . Huang et al. studied the capacity tradeoff between cellular and mobile ad hoc networks for the underlay and overlay spectrum sharing schemes [9] . In the multiuser scenario, a SU can be selected to assist the primary data transmission to tolerate the interference caused by the secondary data transmission from another selected SU [10] . In the frequency domain, the SU can help relay the primary data to exchange for some disjoint bandwidth for its own data transmission [11] . To combat the low efficiency of half-duplex cooperative protocols, Zhai et al. proposed the spectrum sharing based on the two-path successive relaying [12] , where two SUs can alternatively and successively relay the primary data and transmit their own data using the superposition coding technique, while the successive interference cancelation (SIC) techniques is adopted by the receivers to decode the desired information.
The RF signal can carry not only information but also energy, so there exists an energy-rate tradeoff for the simultaneous wireless information and power transfer (SWIPT) [13, 14] . Huang et al. deployed the orthogonal frequency division multiplexing (OFDM) and transmit beamforming for the SWIPT in a broadband system [15] . For the large-scale network, Krikidis studied the cooperative relay protocol to show the tradeoff between the outage performance and the wireless energy transfer (WET) [3] . For the stochastic networks, the cooperative energy transfer and data relaying protocol was proposed by properly modeling the locations of users as Poisson point process [16] . Rubio et al. analyzed the tradeoff between the sum-rate and the energy constraints in the multiuser multiple-input multiple-output (MIMO) system [17] . The harvest-then-transmit protocol was proposed in [18] , where the terminals should first harvest the ambient RF energy, and then transmit data using the harvested energy. Reference [19] implemented the power beacons in the cellular network to transfer the microwave power to the mobile devices to support their uplink data transmissions to the base stations.
The EH-based spectrum sharing has drawn intensive research interests nowadays. The optimal mode selection policy was designed by balancing the trade-off between spectrum accessing and energy harvesting [20] . The SUs can opportunistically harvest the RF energy from the nearby PUs and reuse the spectrum to send their signals if they lie outside the exclusive regions of all the PUs [21] . Mousavifar et al. proposed the spectrum sharing scheme that the source and the relay can harvest energy from the PUs and the information of source is forwarded to the destination by the relay [22] . The joint information and energy cooperation between primary and secondary systems is investigated in [23] , where the SUs can help the primary data transmissions to acquire the energy and spectrum for the secondary data transmission. The SUs can be scheduled to access the selected channel for the data transmission or harvest energy by designing a learning algorithm [24] . Park et al. derived the upper bound of the achievable throughput for the EH SUs under the energy causality and collision constraints [25] .
Although there exist some related works about the EHbased spectrum sharing for different network structures, it is still necessary to further improve the spectral and energy efficiency. Our proposed transmission strategy is different from those of above papers. In our paper, the single-antenna UE and SU can form the virtual antenna array in the cooperative period and the spatial diversity can be achieved by using Alamouti coding to enhance the reliability of data transmission. As a result, the energy and spectral efficiency of the cognitive radio network can be greatly improved.
Motivation and contribution
In the cognitive radio network, the time-switching or the power-splitting techniques can be adopted by the PU for the EH and information decoding [13] . Usually, the valuable spectrum is either used solely for the energy transfer or for the data transmission. It is necessary to design flexible schemes to efficiently utilize the spectrum to realize both the EH and the spectrum sharing. Furthermore, the SU can use its energy to relay the primary data to improve the link robustness and hence strive for more opportunities for the spectrum sharing. It is a win-win game for both systems by considering the resource complementary that the PUs own spectrum but lack energy, while the SUs have enough energy but lack spectrum.
We propose a spectrum sharing scheme based on the cooperative energy and data transfer for the cognitive radio network, where a secondary link is overlaid with a primary link. Each terminal is assumed to be equipped with one omnidirectional antenna and the similar assumption is made in [18, 26] . In the primary system, the user equipment (UE) has the capability of harvesting energy from the RF signals. All the other terminals are assumed to have the stable power supply. Compared with the standalone primary system, with the energy assistance from the secondary link, the UE will get more energy and be charged quickly. Also, the primary data from the UE can be delivered more reliably. The main contributions of this work are summarized as:
• In the EH period of our proposed scheme, the SU can transmit its own data using the licensed spectrum, of which the interference can help recharge the UE. When the UE transmits its data using the small amount of harvested energy, the SU can help relay the primary data to improve the link robustness. Thus, the primary data can be more reliably delivered with less resource, and the SU can be awarded some resources for the spectrum sharing.
• The Alamouti coding technique [27] is adopted by the UE and the SU to simultaneously retransmit the primary data. Without requiring any extra bandwidth, the quality of primary data transmission can be improved.
• We analyze the success probabilities of transmission cases and then derive the throughput of both primary and secondary systems. The time allocation between EH and data transmission is investigated through maximizing the throughput of secondary system while guaranteeing the throughput of primary system. • We investigate the impacts of various parameter settings to the system performance, such as the time allocation, the distances between different terminals, the transmission rate, and the transmission powers of terminals.
The rest of this paper is organized as follows. In Section 2, the energy and data cooperation-based spectrum sharing scheme is proposed. Section 3 explains the non-spectrum sharing model as a benchmark. In Section 4, we derive the throughput of both systems. Performance results are presented in Section 5. Section 6 concludes this paper. Figure 1 shows the system model of our proposed spectrum sharing, where a secondary link coexists with a primary link in the same geographic region. In the first β time, as shown in Fig. 1a , the PB transfers wireless energy to the UE, and meanwhile the SU communicates with the secondary receiver (SR). The secondary data transmission can be regarded as a source of energy that can be harvested by the UE. Since the energy signal transmitted by the PB is known to all the terminals, the SR can cancel this interference to decode its desired secondary data. With the secondary data transmission, the EH efficiency of the UE can be greatly improved, and thus more energy can be available for the primary data transmission. After the WET, as shown in Fig. 1b , the following 1 − β time is used for the uplink primary data transmission from the UE to the PB. At the same time, the SU will overhear the UE's signal and help relay the primary data in case the PB fails to decode it. As illustrated in Fig. 2 , according to the decoding statuses of PB and SU, there are three possible transmission policies:
Energy and data cooperation spectrum sharing
• If the PB correctly receives the primary data in the current block, a new primary data will be transmitted by the UE in the next block after the EH period.
• If both PB and SU erroneously receive the primary data in the current block, the UE will retransmit the primary data in the next block after the EH period, as shown in Fig. 1c .
• If the PB erroneously receives the primary data, but the SU correctly overhears it. The primary data will be retransmitted by UE and SU using the Alamouti coding technique in the next block after the EH period, as shown in Fig. 1d .
The primary data will be discarded if it is still incorrectly received by the PB after the retransmission. Each channel is assumed to undergo Rayleigh block fading, so the channel fading remains constant in one block, but varies independently from one block to another. The channels are assumed to consist of the small-scale fading and the large-scale path-loss, i.e., exponent and the distance between two terminals, respectively. The fading coefficient χ ij is a circularly symmetric complex Gaussian random variable with unit variance. The channel gain |h ij | 2 is exponentially distributed with the probability density function (PDF)
ij . In each time block, the downlink and uplink channels are assumed to be reciprocial, i.e., the downlink energy transfer from PB and the uplink data transmission from UE suffers from the same channel fading, so |h ij | 2 = |h ji | 2 . This assumption has been widely adopted in the literatures, such as [18] and [22] . In the cooperative transmission period, we assume that the locations of nodes do not change significantly [28] . The mathematical expectation is denoted as E{·}. The (·) * and (·) H represent complex conjugate and Hermitian transpose of matrix, respectively.
Benchmark primary system without spectrum sharing
In the non-spectrum sharing scenario, a PB intends to communicate with a UE. The PB has a continuous power supply, while the UE has to harvest the RF energy from the PB transmissions. This is actually the "Harvest-thentransmit" protocol as proposed in [18] . Each normalized time block consists of two phases. In the first θ time, the PB transfers energy to the UE over the downlink. In the remaining (1 − θ) time, the UE transmits its data to the PB over the uplink using the harvested energy.
In the first θ time, the amount of energy harvested by the UE is denoted as E u and given as [18, 26] 
where η ∈ (0, 1) represents the energy conversion efficiency and p b denotes the transmit power of PB. After harvesting energy in θ time, the primary data is transmitted from UE to PB in the remaining 1 − θ time. The transmit power of UE is denoted as p no u and calculated as
The achievable rate of primary link is expressed as
where σ 2 represents the power of additive white Gaussian noise (AWGN) and it is the same at different receivers. The throughput of primary system with non-spectrum sharing can be expressed as V p = Pr{C no UE,PB ≥ R 0 }R 0 . The primary data is assumed to be successfully received by PB if the channel achievable rate is no less than the fixed transmission rate R 0 . The data success probability can be derived as
where
The maximal throughput of the stand-alone primary network without spectrum sharing can be obtained via
Since the UE is located far away from the PB, the EH efficiency is quite low due to the severe path-loss. Using the small amount of harvested energy, the primary data transmission is more likely to fail and the spectrum is wasted for the data retransmission.
Throughput of the spectrum sharing
In each normalized time block, the WET is performed in the first β fraction of time. The amount of energy harvested by the UE is denoted as E UE and given as
where p a denotes the transmit power of the SU. The transmit power of the UE 1 can be expressed as
After the WET, the UE transmits its own data to the PB in the remaining 1−β time, and the SU overhears the data from the UE. Based on the decoding status of UE and SU, there exists three transmission cases as follows:
• Case A: If the primary data is correctly received by the PB, the SU will keep silent.
• Case B: If both the PB and the SU erroneously receive the primary data, the primary data will be retransmitted in the next time block.
• Case C: If the primary data is erroneously received by the PB, but correctly decoded by the SU, the UE and the SU will simultaneously retransmit the primary data in the next time block using the Alamouti coding technique.
The total throughput of primary system includes the above three cases and it can be expressed as
where the pre-factor 1 2 accounts that one primary data packet is transmitted in the first time block, and it may be retransmitted in the following time block. The Suc means that the primary data is successfully delivered in a certain case.
Case A: original data transmission
In the primary data transmission, the achievable rate of the link between UE and PB is denoted as C (1) UE,PB and given by
where the pre-factor is applied because the primary data is broadcasted by the UE in 1−β time. The success probability of the original primary data transmission is expressed as Pr(Suc, A) = Pr C
UE,PB ≥ R 0 and calculated as
Case B: primary data retransmission from UE
For the primary data cooperation, the SU overhears the information transmitted from UE. The achievable rate between UE and SU in the current block is denoted as C
UE,SU and given as
If the primary data is erroneously received by both the PB and the SU in the second phase of the current time block, the UE will retransmit its data to the PB in the next time block, while the SU should keep silent. The achievable rate between UE and PB in the time block is denoted as C (2) UE,PB and given as
whereg 1 = |h UE,PB | 2 represents the channel gain between UE and PB in the retransmission block.
The success probability of primary data transmission is denoted as Pr(Suc, B) and expressed as
In Eq. (13), the first probability can be decomposed as
where g 2 = |h SU,UE | 2 . The results of the intermediate probability B a and B b are presented in Appendix I. The second probability of (13) can be derived as
where I 1 (g 1 ) can be obtained according to (10).
Case C: cooperative data retransmission with Alamouti coding
After data transmission in the remaining 1 − β time, if the primary data is erroneously decoded by the PB, but correctly overheard by the SU, in the next time block, the UE and the SU will simultaneously retransmit the primary data using Alamouti coding scheme. The Alamouti coding scheme does not require channel state information at the transmitter side and can bring space diversity to improve the transmission robustness. The received signal at the PB can be expressed as [27] 
where n 1 and n 2 denote the AWGN with zero mean and variance σ 2 . The signals from UE and SU are denoted as x 1 and x 2 , respectively. In the next period, signal −x * 2 is transmitted from UE and x * 1 is transmitted from SU, where
The received signals at PB can be modeled as y = [y 1 , y
T +n, where n represents the noise with unit power. The normalized channel matrix H can be written as
The achievable rate of the distributed Alamouti coding [29] can be calculated as
where g 3 = |h SU,PB | 2 and I is the identity matrix.
If the primary data is erroneously received by PB, but it is correctly received by SU in the current time block, then UE and SU will use the Alamouti coding technique to simultaneously retransmit the primary data to PB in the second phase of the next time block. The success probability of primary data transmission is denoted as Pr(Suc, C) and calculated as
In Eq. (19), the first probability can be calculated as
The results of probabilities F a , F b , F c are presented in Appendix II.
In Eq. (19), the second probability can be derived as
The probabilities J a , J b and J c are derived as
where erfi(z) = 
Substituting (22), (23) , and (24) into (21), the success probability of primary data retransmission using Alamouti coding, which is the second probability of (19) , can be obtained. According to (19) , the success probability of primary data transmission can be obtained.
Throughput of secondary system
The secondary data is transmitted from SU to SR in each time block with time fraction β. Since the energy signals are well known by all the terminals, and the SR knows the perfect channel state information (CSI) towards the PB, the SR will retrieve its desired signal through canceling the primary energy signal firstly. This assumption has been widely used in the literatures using the successive interference cancelation technique, such as [10, 31] . The achievable rate of secondary link is expressed as:
The throughput of secondary system can be given as L s = Pr C SU,SR ≥ R 1 R 1 , where Pr C SU,SR ≥ R 1 represents the success probability of secondary data transmission and R 1 denotes the transmission rate of secondary link. The success probability of secondary data transmission can be derived as
where ρ 2 = 2 R 1 β − 1.
Numerical and simulation results
In this section, the simulation results are presented to validate our analysis. The impacts of various parameter settings, such as the time allocation, the distances between terminals, the transmission rates, and the transmission powers, to the system performance are revealed. Unless stated otherwise, the system general parameters are set as the noise power N 0 = −80 dBw, the energy conversion efficiency η = 0.8, the path-loss exponent v = 3, the transmission power of PB p b = −10 dBw, the transmission power of SU p a = −20 dBw, and the transmission rate R 0 = 1 bits/s/Hz.
Validate the analytical results
With the variation of system parameters, the decoding status of UE or SU will be changed from one case to another. The total throughput of primary system, as shown in Eq. (7), includes the throughput of Case A, Case B, and Case C together, which have been analyzed in Section 4. We will validate the analytical results using Monte Carlo simulations. Figure 3 shows the throughput of primary system with respect to (w.r.t.) β for different R 0 . With the increase of β, the throughput of primary system increases until reaching the maximal value and then deteriorates. The time allocation factor directly affects the throughput of primary system. The smaller the value of β, the less energy is harvested by UE, which is detrimental to the uplink data transmission. But, on the other hand, the smaller β is beneficial for the primary data transmission as it lasts for a longer time. Moreover, with the increase of the transmission rate of primary data, the throughput of primary system gets better. Figure 4 shows the throughput of primary system w.r.t. the distance between SU and UE for different β. In the simulations, the PB is located at the center of a disk, then the locations of UE and SU vary on the edge of the circle, which means d PB,UE and d SU,PB are the radius of this disk. For different β, the throughput of primary system deteriorates with the prolongation of d SU,UE , because the longer the distance, the worse the average channel quality. Figure 5 shows the throughput of primary system w.r.t. the distance between SU and UE for different transmission powers of SU. The distances are set as d SU,PB = d PB,UE − d SU,UE . With the energy assistance from SU, the UE will harvest more energy to support the wireless information transfer (WIT), thereby, the throughput of primary system gets larger with the increase of p a . Furthermore, even if adding up the p a , the throughput of primary system still becomes worse with the increase of d SU,UE . Figure 6 shows the throughput of primary system w.r.t. the transmission power of SU for different β. The throughput of primary system improves when the transmission power of SU gets larger from −30 dBw to 0 dBw. In this figure, we can observe that with the energy assistance of SU, the throughput of primary system can be significantly increased, because more energy can be harvested by UE for the data transmission.
From Figs. 3 to 6, it can be seen that our theoretical results coincide exactly with the simulation results, which can verify the tightness of our analysis. Moreover, our proposed scheme can greatly improve the throughput compared with the none spectrum sharing.
Maximal throughput of secondary system
We aim to maximize the throughput of secondary system, while guaranteeing that the throughput of primary system should not be degraded compared with the nonspectrum sharing model. The optimization problem can be formulated as
where L p and L s represent the throughput of primary system and secondary system, respectively, in the cooperative denotes the maximal throughput of the stand-alone primary network without spectrum sharing.
As shown in (9), (13) , and (19), the throughput expressions of primary system are complicated w.r.t. the power allocation factor. The closed-form solution of the optimal β is not available, but it can be numerically determined according to the optimization problem (27) through the one dimensional search in (0, 1). Figure 7 depicts the maximal throughput of secondary system w.r.t. d SU,UE for different transmission rates R 0 . The distance between SU and PB varies on d SU,PB = d PB,UE − d SU,UE . We can see that the maximal throughput of secondary system gets smaller with the increase of d SU,UE and R 0 . The smaller R 0 is beneficial to improve the performance of secondary system as more resources can be allocated for the secondary data transmission. Figure 8 shows the maximal throughput of secondary system w.r.t. the transmission power of SU for different transmission rates R 1 . The maximal throughput of secondary system improves dramatically with the increase of the transmission power of SU and R 1 . The reason is that, with the increase of the transmission power of SU, the primary throughput constraint can be easily satisfied and more resources can be allocated for the secondary data transmission, thereby, the success probability tends to be 1. As a result, the maximal throughput of secondary system will gradually approach the value of R 1 . Figure 9 shows the maximal throughput of secondary system w.r.t. the transmission rate R 1 for different d SU,SR . The throughput of secondary system gets better first and then turns worse with the increase of R 1 . The reason is that with the increase of R 1 , the success probability of secondary system will decrease and then the maximal throughput of secondary system becomes worse. Furthermore, the throughput gets smaller when the SU is departed far away from the SR. Figure 10 shows the maximal throughput of secondary system w.r.t. d SU,SR and d SU,UE . With the increase of d SU,SR , the average channel quality becomes worse, so the maximal throughput of secondary system gets smaller. When the SU is departed far away from the UE, the efficiency of WET becomes worse, so less energy will be harvested by the UE. In this case, less time will be allocated to the WET to satisfy the primary throughput Figure 11 shows the maximal throughput of secondary system w.r.t. d PB,UE for different transmission powers of the SU. The SU is located at the center between PB and UE. We can see that the maximal throughput of secondary system gets worse when d PB,UE grows steadily and the transmission power of SU goes down. With the increase of d PB,UE , the throughput of primary system deteriorates and thus more resource will be allocated to meet the primary 
Conclusions
In this paper, we have proposed an energy-harvestingbased spectrum sharing scheme, where the secondary user can transmit its own data along with the energy signal transmission from the primary base station. The interference of secondary data transmission can help improve the energy harvesting efficiency of primary user. Apart from the energy cooperation, the secondary user can also help the primary data relaying, where the Alamouti coding technique is adopted to simultaneously retransmit the primary data. Through using the energy to exchange for the spectrum by the secondary user, the transmission requirements of both systems can be well accommodated.
In the future, there are several interesting directions. Firstly, when the numbers of SU vary with time, this system model can be extended to the multiple SUs scenario. The SU scheduling algorithms should be designed by considering channel conditions. Secondly, the interference management and mode selection can be studied for the smart devices equipped with multiple antennas or radio interfaces (e.g., Wi-Fi, LTE, WiMAX, Bluetooth, etc.) [32, 33] ; Thirdly, various coding schemes can be designed to improve the transmission rate and reliability, such as Raptor code for wireless video transmission [34] .
Endnote
1 To realize the spectrum sharing, there need some coordinations between PB, UE and SU by exchanging the control signals. In this process, the PB, UE and SU may consume some energy and time, which is negligible compared with the long-time data transmission [35] .
Appendix I: derivation of (14)
In Eq. (14), the intermediate probability B a is derived as
, and
In Eq. (14), the intermediate probability B b is derived as
where I 1 (g 1 ) is given in (10). In Eq. (13), the post-intermediate probability can be calculated as
Substituting the results of (14) and (31) into (13), we can obtain the success probability of the primary data retransmission from the UE.
Appendix II: derivation of (20)
The intermediate probability F a in Eq. (20) is zero if
, otherwise, F a can be derived as
and I 1 (g 1 ) is given in (10).
In Eq. (20) , the intermediate probability
In Eq. (33), the intermediate probability F b1 is
If q ≥
, F b2 equals zero, otherwise, the intermediate probability F b2 in expression (33) can be calculated as
Substituting (34) and (35) into (33) , the intermediate probability F b can be obtained.
In Eq. (20) , the intermediate probability F c is
where F c1 and F c2 can be derived in the following. 
where I 2 (g 2 ) is given in (29) . 
The intermediate probability F c21 , F c22 and F c23 in (41) can be derived as: 
Substituting (42), (43), and (44) into (41), the intermediate probability F c2 can be obtained. Summarizing (32) , (33) , and (36), the first probability of (20) can be obtained. 
